Aims/hypothesis To study long-term changes in retinal function in response to sustained glycaemia reduction in participants with type 1 diabetes. Methods Prospective study using objective measures of retinal function in 17 participants with type 1 diabetes mellitus and minimal to moderate retinopathy who switched from conventional subcutaneous injection to continuous subcutaneous infusion of insulin (CSII). Results Glycated haemoglobin HbA 1c gradually decreased from 9.1% at baseline before CSII to 7.4% after 1 year on CSII. Glycaemia was markedly reduced within 1 week after initiation of CSII and remained stable thereafter. Dark adaptation and retinal electroretinographic function at 1, 4 and 16 weeks after initiation of CSII were comparable with baseline values, whereas a significant improvement in rod photoreceptor dark adaptation and dark-adapted b-wave amplitudes were seen after 52 weeks (time to rod-cone break −25% [p< 0.0001], time to a standardised rod intercept −13% [p<0.0001], dark-adapted rod b-wave fullfield amplitude +15% [p=0.0125], standard combined rodcone b-wave amplitude +8% [p=0.049]). No detectable change was observed in cone adaptation, electroretinographic cone function or retinopathy. Conclusions/interpretation After initiation of CSII, the retinal visual pathway of the rods improved with a delay of more than 4 months, over a time scale comparable with the duration of the diabetic retinopathy early worsening response to sustained glycaemia reduction. This indicates that glycaemia has a long-term effect on the disposition of functional capacity in the retinal visual pathway of rod photoreceptors, the cells that appear to be driving the development of diabetic retinopathy.
Introduction
Diabetic retinopathy is a microvascular disease of the retina in people with diabetes that presents with a range of localised, ophthalmoscopically visible lesions including intraretinal haemorrhage, microaneurysm, axonal thickening, dilated and tortuous vessels, exudative oedema and proliferation of new vessels [1, 2] . The lesions are associated with endothelial dysfunction, pericyte and endothelial cell loss, and proliferation of endothelial cells. On a microscopic level, there are also considerable abnormalities to be seen in and around neuronal and glial cells of the retina and some functional abnormalities, even before the appearance of ophthalmoscopic retinopathy, but as in early and moderate levels of diabetic retinopathy the dysfunction seen in the absence of retinopathy is subclinical [3] . It remains to be determined whether diabetic retinopathy is primarily a neuroglial or microvascular disease [3] [4] [5] [6] [7] [8] [9] .
On a population level, diabetic retinopathy increases in prevalence and severity with increasing duration of diabetes [2] . On the level of the individual with diabetes, however, retinopathy can wax and wane in severity and even improve significantly without treatment of the eye [10, 11] .
The principal underlying cause of retinopathy appears to be abnormal glycaemia, and over periods longer than approximately 2 years, hyperglycaemia is a strong risk factor for progression to more severe levels of retinopathy [12] . In the short run, however, the relation is more complex, and several studies have shown that therapeutically induced hyperglycaemia reduction leads to worsening of retinopathy within the first year [10, [13] [14] [15] . This early worsening phenomenon has eluded previous attempts at explanation. Functional abnormalities in the retina have been found by electroretinography [5, [16] [17] [18] [19] , dark adaptometry [20] and contrast sensitivity testing [7, 21] , even in the absence of diabetic retinopathy, but their cause is not understood. There is no well-defined link between functional abnormalities and tissue damage, and it is largely unknown whether the former are reversible or irreversible. In the present study we examined retinal function over 1 year to characterise the time course of retinal adaptation to relative hypoglycaemia after participants with type 1 diabetes had shifted from conventional subcutaneous insulin injection to continuous subcutaneous insulin infusion (CSII).
Methods
Participants The study included 17 eyes in 17 participants with type 1 diabetes mellitus, and minimal to moderate diabetic retinopathy (Early Treatment Diabetic Retinopathy Study [ETDRS] levels 10-43). All participants were recruited from the Steno Diabetes Center and the Hvidovre Hospital. The study included participants with HbA 1c ≥8% at baseline and no history of ocular surgery or laser treatment. Within 16 weeks of CSII initiation the participant's HbA 1c was required to be ≤7.5% or be reduced by ≥1% or the participant was excluded. Further exclusion criteria included haemoglobin, sodium, potassium or creatinine outside the normal range of the clinical biochemistry laboratory of the Glostrup Hospital, microalbuminuria (>30 mg/l), cataract, a family history of glaucoma, intraocular pressure by applanation tonometry >21 mmHg, arterial blood pressure higher than 140/90 mmHg, clinically significant macular oedema and proliferative diabetic retinopathy. Of the 17 participants, six used a single antihypertensive agent (ACE inhibitor), three used a cholesterol-lowering agent, two used an anticoagulant, one used a thiazide diuretic and one used an anti-thyroid and an antihistamine agent. Ethical approval was granted by the Danish National Committee on Biomedical Research Ethics. Informed consent was obtained from the participants before commencing the study, which was conducted in accordance with the Helsinki Declaration.
Study procedures Participants initially underwent an ophthalmological examination and fundus photography including pupil dilation to a diameter ≥7 mm using topical phenylephrine hydrochloride 10% and tropicamide 1%. The thickness and reflectivity profile of the retina were examined by transfoveal optical coherence tomography. Grading of retinopathy was based on an abbreviated version of the ETDRS protocol using one non-stereoscopic 50°c olour fundus photograph centred on the fovea and one centred on the optic disc. The grading was performed by two retinal specialists, who were blinded with regard to participant identity, chronological order of examinations, and test outcomes. The eye with the lower degree of retinopathy was chosen as the study eye.
Participants were scheduled to five visits: 1 week before initiation of CSII and 1, 4, 16 and 52 weeks after initiation of CSII. Participants were instructed to measure their capillary blood glucose four times per day (before breakfast, before lunch, before dinner and before bedtime) for 3 days before the baseline visit and for 7 days before the 1 week visit. Subsequently, blood glucose was measured four times per day for 3 days before the visit and every second week between visits. Participants were asked to follow their usual dietary routine and came non-fasting to the eye examination sessions. They were requested to adjust their insulin treatment so that glycaemia was no greater than 15 mmol/l during the sessions in order to achieve similar glucose levels during testing of retinal function. At every session venous haemoglobin, sodium, potassium, creatinine, HbA 1c , blood pressure and visual acuity were determined and the participants underwent the following examination programme of the study eye: pupil dilation to a diameter of ≥7 mm using phenylephrine hydrochloride 10% and tropicamide 1% followed by dark adaptometry, fundus photography, biomicroscopy examination and optical coherence tomography. Finally, after a 30 min rest, the participants underwent multifocal electroretinography (mfERG) and full-field electroretinography (ffERG). Capillary blood glucose was measured before and after dark adaptometry, mfERG and ffERG. One participant was unable to reliably perform dark adaptometry at baseline and therefore did not undergo this procedure at the subsequent visits and was excluded from the analysis of dark adaptometry data.
Methods Fundus photography (FF 450plus Fundus Camera; Carl Zeiss Meditec AG, VISUPAC, Jena, Germany) was made after pupil dilation, as was horizontal transfoveal optical coherence tomography (Cirrus; Carl Zeiss Meditec, CA, USA). Capillary blood glucose was measured using a reagent strip and reading device (Precision Xceed; Medisense Products, Abbott Laboratories, Witney, UK).
Dark adaptation was measured using a computerised dark adaptometer (AdaptDx; Apeliotus Technologies, Atlanta, GA, USA) [22] . The fellow eye was occluded with an eye patch. An infrared camera located behind the fixation light was used to continuously monitor the test eye. The operator centred the participant interactively with reference to a reticule overlaid on a computer display of the test eye. The participant's test eye was bleached by exposure to a white photoflash (0.25 ms duration, 6.38 log scotopic td s −1 intensity) while the participant focused on the fixation light. The flash was passed through a diffuser and a 4°diameter aperture centred 5°below the point of fixation. Sensitivity measurements began immediately after bleach offset. The participant focused on the fixation light and responded to each stimulus seen by manually pressing a button. The light stimulus was a 1.7°circular test spot centred 5°below the point of fixation. To focus on rodmediated function, the stimulus wavelength was at 500 nm, near the peak of the rod spectral sensitivity function. Starting at a relatively high intensity (50 scotopic cd/m 2 ), stimuli were presented for 200 ms every 2-3 s. If the participant did not respond by pressing a button within 2 s of stimulus onset, the intensity remained unchanged on successive stimulus presentations until the participant responded. If the participant responded to the stimulus, the intensity was decreased for each successive presentation in steps of 0.3 log units until the participant stopped responding. When the participant stopped responding, the intensity was increased 0.1 log units for each successive presentation until the participant responded again. This intensity was taken to represent a threshold for a given interval after bleaching. Subsequent threshold assessments started with a stimulus intensity 0.2 log units brighter than the previous threshold measurement. The participant had a 10 s rest between threshold measurements. Sensitivity recovery was measured for 20 min or until the participant was fully recovered through the second component of rodmediated dark adaptation.
The speed of dark adaptation was characterised using two methods. The first was to fit a single-exponential, onelinear component model to the data. This model allows for the estimate of the cone recovery time constant, rod cone break and slope of the second component of rod-mediated dark adaptation [23] . The second method was to estimate the time required to reach a rod-mediated criterion sensitivity level.
This criterion sensitivity was set at 5×10 -3 scotopic cd/ m 2 (4.0 log units), a sensitivity level that is achieved late in the second component of rod-mediated dark adaptation [22, 24] . The rod intercept was estimated by linear interpolation of the relevant segment of the rod adaptation curve. The rod intercept is useful to describe the speed of rod-mediated dark adaptation because it is robust to the shape of the dark adaptation curve, which changes with increased disease severity.
Full-field ERG was recorded using a Nicolet GS 2000 Ganzfeld stimulator and amplifier (Nicolet, Madison, WI, USA). An optimally fitting Burian-Allen bipolar contact lens was identified at the baseline recording and used again for the subsequent recordings. A ground electrode was attached to the forehead. The following variables were determined based on International Society for Clinical Electrophysiology of Vision (ISCEV) standards [25] : dark-adapted rod response, dark-adapted standard combined rod-cone response, dark-adapted oscillatory potentials, light-adapted single cone response and light-adapted 30 Hz flicker response. In addition, dark-adapted 30 Hz flicker (3.93 cd s −1 m −2 ) was determined. Topical oxybuprocaine 0.4% mg/ml was used to anaesthetise the cornea. Multifocal electroretinography in the study eye was made using an optimally sized Burian-Allen bipolar contact lens electrode (Veris IR Illuminating Electrode; EDI, San Mateo, CA, USA) with two built-in infrared light sources for fundus illumination. The fellow eye was occluded. A ground electrode was attached to the forehead. Visual stimuli were displayed on a 1.5-in. stimulator/fundus camera (Veris; EDI), permitting optimal correction of refraction without changing the size of the stimulus elements and ensuring fixation by real-time infrared observer viewing of the fundus. An array of 103 eccentricity-scaled hexagons was displayed at a frame rate of 75 Hz. Responses were band-pass filtered outside 10 to 300 Hz, amplified at gain 105 and sampled every 0.833 ms. A standard m-sequence length was used with m=15, resulting in a total recording time of 7.17 min, divided into eight short segments for participant comfort. If loss of fixation or an artefact was observed the affected segment was discarded and re-recorded. The luminance of white stimuli was 200 vs 2 cd/m 2 or less for black stimuli. The surround luminance was set to 50% of the bright test luminance (i.e. 100 cd/m 2 ). The examination was made in ambient room lighting. Stimulus luminance was calibrated using an autocalibrator. The stimulus grid was calibrated using a grid calibrator (Veris; EDI). The recording protocol complied with the ISCEV guidelines for basic mfERG [26] .
Analysis Dark adaptation functions were plotted using Igor Pro (Wavemetrics, Portland, OR, USA). Nonlinear regression was used to estimate the speed of dark adaptation using a single-exponential one-linear model, which uses an unbiased method to calculate estimates of the cone sensitivity plateau value, cone sensitivity recovery time constant, rod-cone break time and rod sensitivity recovery slope [23] . In addition, the rod intercept value was determined as described above, using interpolation, as a shape-invariant method of characterisation of the rate of rod-mediated dark adaptation [22, 24] . Cases where no rod-cone break or no rod intercept were obtained were given the value 20 min, which is the maximum test time for the adaptometer. A group of non-diabetic participants with healthy eyes aged 73.1±4.8 years that has been described before was used for reference [22] . Dark adaptation was classified as normal if the rod intercept was within the mean ± 2 SD of the reference participants and impaired if longer than the upper limit of this interval (12.5 min).
Full-field electroretinography was analysed as follows. The a-wave amplitude was measured from the baseline to the trough of the first negative deflection. In the absence of an awave, the b-wave amplitude was measured from the baseline to the peak. In the presence of an a-wave, the b-wave amplitude was measured from the trough of the a-wave to the peak of the b-wave. The implicit times of the a-and bwaves were measured from the onset of the light stimulus to the peak of the amplitude of each response component. The amplitude of the 30 Hz flicker response was measured from the trough to the peak and the implicit time was measured from the onset of the light stimulus to the amplitude peak.
Multifocal electroretinography analysis began with two iterations of artefact rejection applied to the raw data without spatial smoothing. The first-and second-order kernels were derived and implicit times and amplitudes of the components N1 (first negative), P1 (first positive) and N2 (second negative) were measured. The N1 amplitude was measured from the starting baseline to the base of the N1 trough, the P1 response amplitude from the N1 trough to the P1 peak and the N2 amplitude was measured from the P1 peak to the N2 trough. Average responses were calculated for the summed values of all hexagons, for the seven most central hexagons and for the surrounding rings.
Statistical evaluation Mean optical coherence tomography thickness of the fields of the interpolated retinal thickness map and mean capillary glucose levels during examinations were analysed using mixed model analysis to test for changes between baseline and each of the follow-up visits. Glucose profiles before visits were summed and a mean value calculated and used to represent glucose levels before visits. Dark adaptometry data were analysed by calculating the differences between the baseline visit and the final visit (52 weeks). Variables included the cone plateau, the time to reach the cone plateau, the slope of the rod adaptation curve, the time to the rod-cone break and the time to the rod intercept. Differences were analysed by the one-sample t test. We found the measurements to be unsuitable for determination of the time to the cone plateau because there were too few measurements to define it and hence this variable was rejected during analysis. Linear regression was used to analyse relations between differences in HbA 1c and dark adaptation kinetics between the baseline and the final visit.
Full-field ERG data were analysed by comparing the changes in ffERG amplitude and implicit time. Change was defined as the difference between ERG recordings at the final visit (52 weeks) and baseline. Data were analysed using Values are mean ± SD or number of eyes (one study eye per patient)
Retinopathy grading levels according to the EDTRS, improvement/worsening defined as decrease or increase, respectively, of one or more retinopathy levels the one-sample paired t test. Linear regression was used to analyse relations between level of HbA 1c and ERG variables. Multifocal ERG first-and second-order data were analysed by comparing the difference in amplitudes and implicit times between the baseline and the final visit (52 weeks). The multifocal ERG was analysed as a summed response and as a centre vs periphery by analysis of the seven most central hexagons against each of the peripheral rings of hexagons.
Finally, dark adaptometry-, ffERG-and mfERG data were analysed by mixed model analysis to test for changes between baseline and each of the subsequent visits. Adjustment was made for glycaemia at the time of examination, diabetes duration and HbA 1c .
The level of statistical significance was set at p<0.05. Statistical analysis was performed using the SAS 9.1 software for Windows (SAS Institute, Cary, NC, USA).
Results
The 17 participants (6 men and 11 women) had a mean age of 38.2±11.8 years, a mean duration of diabetes of 22.4± 10 years and a mean HbA 1c of 9.1% at baseline (Table 1) . Participant-performed capillary glucose measurements and their accompanying HbA 1c curves demonstrate that a stable reduction of glycaemia had been achieved already after 1 week (Fig. 1) .
Retinopathy level was unchanged between baseline and 52 weeks in nine eyes, decreased by one level in four eyes and increased by one level in four eyes (Table 1) . No eye developed macular oedema or proliferative retinopathy and there was no significant change in the mean retinal thickness during the study. Best-corrected visual acuity was Snellen 1.0 or better in all participants at all visits.
Rod-dark adaptation was comparable to baseline up to 16 weeks after beginning CSII, but was considerably faster after 52 weeks ( Table 2 ). The time to the rod-cone break had shortened by 25% after 52 weeks (95% CI 14-35%; p= 0.0009; Fig. 2 ) while the time to the rod intercept had shortened by 13% (95% CI 1-15%; p<0.0001; Table 2 ). There was no detectable correlation between the change in HbA 1c and the change in rod-cone break time or rod intercept between baseline and 52 weeks. In a mixed model analysis dark adaptation was only different from baseline after 52 weeks (time to rod-cone break p<0.0001, time to rod intercept p<0.0001). Cone adaptation did not change significantly during the study.
The dark-adapted rod response of the ffERG was stable up to 16 weeks after initiation of CSII but showed an increase in b-wave amplitude of 15% (95% CI 3-26%; p=0.02) between baseline and 52 weeks (Table 3 and Fig. 3 ). Comparable trends in the a-wave of the standard combined rod-cone response (+8%; 95% CI 0-17%; p=0.08) and in b-wave amplitude (+8%; 95% CI 0-16%; p=0.1; Values are mean ± SD n=16: one patient was unable to cooperate at dark adaptometry † p<0.0001 compared with baseline showed that changes between baseline and final visit were significant for the dark-adapted rod response b-wave amplitude (p=0.0125) and the b-wave of the standard combined rod-cone response (p=0.049) but not for the awave amplitude (p= 0.095). No significant changes in implicit times were found. Although the variation of the rod-cone break and the scotopic b-wave amplitude between baseline and 16 weeks did not reach significance, it is noteworthy that the two curves closely mirror each other throughout the study (Figs 2 and 3) . The first-and second-order amplitudes and implicit times of the summed response, the seven foveal hexagons and the peripheral ring of the mfERG did not show any significant change between the baseline and the final visit (Table 4) . Mixed model analysis did not show significant changes between the baseline visit and the following visits for the summed response, the seven foveal hexagons or the peripheral rings. Adjustment for glycaemia during examination sessions, diabetes duration and HbA 1c did not affect the outcome of the mixed model analyses of dark adaptation, ffERG and mfERG.
Discussion
Protracted retinal adaptation to reduced glycaemia has previously been observed in the form of a change in the rate of diabetic retinopathy progression. Within the first year improved glycaemia control in type 1 diabetes has been associated with an increase in cotton wool spots, intraretinal microvascular abnormalities, proliferative retinopathy, diabetic papillopathy and macular oedema [10, 14, 15, 27] . In the DCCT, intensified insulin therapy was accompanied by a biphasic change in retinopathy progression, beginning with 0.5-1 year of accelerated progression followed by decelerated progression from 1.5 years and onwards, compared with a control group that remained on conventional insulin therapy [10] . In the present study, we observed a change in retinal performance beginning no earlier than after 16 weeks of intensified insulin treatment, which resulted in improved neuronal signalling of ONbipolar cells and/or Müller cells in the middle layers of the retina and accelerated dark adaptation of the of the rod photoreceptors after 1 year. Thus, there is an interesting temporal relationship between simple and objective linear Baseline  268±77  239±71  472±116  72±24  39±12  161±59  129±43  1  284±58  250±62  497±91  75±19  38±14  166±48  127±38  4  271±59  255±61  497±103  72±15  43±16  168±39  133±39  16  273±72  233±45  480±69  71±17  40±11  162±39  120±29  52  307±81 †  258±59  508±76 ‡  75±16  42±16  173±41  132±39 Values are mean ± SD † p=0.0125, ‡ p=0.049 compared with baseline In the present study progression of retinopathy was not observed; however, the participants did not have aggressive retinopathy at baseline and the abbreviated retinopathy grading protocol may have limited the sensitivity of the study. Irreversible reduction of retinal performance by laser destruction of photoreceptors in the peripheral retina is an effective method of reducing loss of foveal function and preserving visual acuity in diabetic retinopathy. This effect suggests that modulation of retinal performance-in this case elimination of retinal function-influences the progression of diabetic retinopathy. It is therefore of interest to determine how the need or propensity of the retina to modulate its function after a change in glycaemia may affect microvascular integrity in the retina.
Early worsening of diabetic retinopathy tends not to occur to any clinically noteworthy degree in diabetic patients with minimal or no retinopathy [28, 29] . Patients with retinopathy progression in relation to glycaemia reduction generally have higher levels of diabetic retinopathy and poor prior metabolic control of long duration [10, 15, 27] . Consequently, the results of the present study cannot unreservedly be assumed to be representative for all patients with diabetes. Both baseline values and the response to CSII may vary between patients with different levels of retinopathy and different glycaemia characteristics.
Compared with non-diabetic participants, slower rod and cone function and reduced rod sensitivity have been demonstrated in patients with diabetes [5, 9, 16, 30, 31] . Such findings are difficult to interpret, however, because retinal performance fluctuates with glycaemia, [32] [33] [34] , which is inherently unstable in diabetes. Specifically, an acute increase in glycaemia has been shown to accelerate light-adapted cone function, increase dark-adapted rod sensitivity and accelerate rod dark adaptation in patients with diabetes [16, 35, 36] . Furthermore, there is also an effect of participants' long-term glycaemia history [16, 35] .
The shift in retinal performance seen in this study occurred with a delay of at least 4 months, during a period when glycaemia was stable. With only a single examination after the onset of improvement, it is not possible to determine whether a stable level of performance had been reached after 1 year. In fact, the lack of a correlation between the change in HbA 1c and the change in dark adaptation and ffERG characteristics may be explained by the absence of a steady state of the adaptation process. We have previously observed an adaptation phenomenon occurring on a comparable timescale following a change in ambient oxygen level [37] , suggesting that there may be a common retinal mechanism of adaptation to a change in the supply of either of the two primary fuels of the retina, oxygen and glucose.
It is not known how a chronic change in glycaemia can induce a shift in retinal performance. There are noteworthy characteristics of the retina, however, that may offer some clues. The outer layers of the retina and the entire fovea are avascular, hypoxic and lactate-producing, especially in the dark-adapted state [38] [39] [40] . The retina is at its highest energy consumption in the dark-adapted state, rod photoreceptors having a higher metabolic rate than any other cell in the human body [41, 42] . We postulate the existence of a retinal mechanism that balances aerobic and anaerobic metabolism so that performance and sustainability are optimised for a given balance between oxygenaemia and glycaemia. This hypothetical mechanism would need to be reset when glycaemia is reduced relative to oxygenaemia by intensified insulin treatment [16, 35, 36] . In this context Müller cells, contributing to the b-wave of the ffERG responses [43] , play an important role in the normal function of the retina as they are involved in the uptake and degradation of the neurotransmitters glutamate and γ-aminobutyric acid, in the formation of the blood-retinal barrier and in the provision of glucose to the photoreceptors Values are mean ± SD No significant variations in multifocal electroretinography amplitudes and implicit times were observed over time [4] . Signs of Müller cell dysfunction have been found at an early stage of diabetes, before the appearance of visible retinopathy [44] . The role of the Müller cells in glycaemia adaptation may have to be examined using invasive methods, if the underlying mechanistic is to be identified.
In conclusion, this study demonstrated a long-term adaptation phenomenon of the rod photoreceptor retinal visual pathway in response to persistent glycaemia reduction after initiation of CSII. The change in function may reflect an underlying change in metabolism. The methods used in this study may be of value in future studies of early worsening of diabetic retinopathy and the pathogenesis of diabetic retinopathy.
